Abstract. To understand the factors governing the diversity, abundance and host associations of parasitoids attacking frugivorous drosophilid flies on Iriomote-jima, a subtropical island of Japan, we monitored parasitism on several occasions over the period [2003][2004][2005][2006][2007][2008][2009] In addition, host acceptance and host suitability of the four most frequently recorded parasitoid species were studied in the laboratory. Most parasitoid and drosophilid species showed species-specific associations with more than one antagonist species, suggesting that they have been subjected to complex coevolutionary interactions. In addition, host range of most of the parasitoid species included one of the three major Drosophila species, suggesting that the abundance of potential hosts is one of the factors determining the evolution of parasitoid host use.
INTRODUCTION
Field studies that focus on host-parasitoid relations and the changes and variations that occur in host-parasitoid communities in space and time, contribute a great deal to our understanding of host-parasitoid coevolutionary interactions. These are particularly important for analyzing population dynamics of both hosts and their parasitoids, and essential when assessing the evolution of host resistance and parasitoid virulence in multi-species hostparasitoid systems.
Frugivorous drosophilids are attacked mainly by larval and pupal parasitoids and successful parasitism results in the death of the host. Pupal parasitoids are either ecto-or endoparasitoids and tend to be generalists, attacking a wide range of hosts. Larval parasitoids, on the other hand, are endoparasitoids that interact with the hosts' immune system and tend to have a narrow host range (Carton et al., 1986; Fleury et al., 2009) .
The effect parasitoids have on host mortality is likely to exert a strong selective pressure on host resistance and parasitoid virulence. In order to escape parasitism, drosophilid hosts can mount immunological attacks against larval parasitoids. Parasitoids in return evolve ways to cope with host defenses, such as sticky eggs, virus-like particles and venom virulence factors (Fleury et al., 2009) . Both host resistance and parasitoid virulence are thought to be graded traits, which form clines and mosaics in natural communities, based on local selective forces (Boulétreau & Fouillet, 1982; Carton & Nappi, 1991; Kraaijeveld & van Alphen, 1994 , 1995 Kraaijeveld et al., 1998; Kraaijeveld & Godfray, 1999) .
The majority of comprehensive field studies on the assemblage of drosophilid flies and their parasitoids were done in Europe (Jansen et al., 1988; Hardy & Godfray, 1990; Allemand et al., 1999; Fleury et al., 2004; Wertheim et al., 2006) . Most of these field studies and those carried out in North America (Hertlein, 1986) and Northern Africa , predominantly focused on two cosmopolitan drosophilids, Drosophila melanogaster Meigen and D. simulans Sturtevant, and their parasitoids Leptopilina heterotoma (Thompson), L. boulardi (Barbotin, Carton & Kelner-Pillault) and Asobara tabida Nees von Esenbeck. These studies give insights into the structure and seasonal dynamics of hostparasitoid communities, and address coevolution and competition in the respective regions.
Recent field surveys conducted in Japan are the first on native Asian drosophilid flies and their parasitoids (Yorozuya, 2006; Mitsui et al., 2007; Mitsui & Kimura, 2010) . Yorozuya (2006) reports the effects of parasitoids on mycophagous drosophilids in northern Japan in different seasons. Mitsui et al. (2007) present an overview of the distribution of hosts and their parasitoids. Mitsui & Kimura (2010) concentrate on host parasitoid communities in central Japan, which are dominated by two parasitoid species, Asobara japonica Belokobylskij and Ganaspis xanthopoda (Ashmead).
There are several studies on the seasonal aspects of the drosophilid fauna on Iriomote-jima, a subtropical island of Japan (Okada, 1965; Takada & Makino, 1981; Hirai et al., 2000) , and some of the parasitoid species attacking Drosophila species occurring on this island are reported by Mitsui et al. (2007) and Novkovi et al. (2011) . How-ever, issues such as parasitoid seasonality, habitat preference, host acceptance and host suitability were not previously addressed.
Here, we report the results of a field survey conducted between 2003 and 2009 with the objective of determining the diversity, abundance and association of frugivorous drosophilids and their parasitoids on Iriomote-jima and of better understanding the factors that govern hostparasitoid associations. Additionally, we used laboratory experiments to study the host acceptance and host suitability for abundant drosophilid and parasitoid species. Based on these results we discuss the differences in the host-parasitoid communities recorded on Iriomote-jima, in central Japan and other previously surveyed regions.
MATERIAL AND METHODS

Study site
Our study area, Iriomote-jima (24.2°N, 123.8°E; 284.4 km 2 ), is a subtropical island located in the southern part of the Ryukyu archipelago (Fig. 1) . Ninety percent of the island is covered by broadleaf evergreen forest and mangrove swamps, 34.3% of which is in the Iriomote National Park. The maximum and minimum monthly mean temperatures on this island are approximately 28 (July) and 18°C (January), respectively. Temperatures occasionally reach as low as 7°C in winter.
Field survey
Parasitism was monitored on nine occasions over the period 2003 to 2009 using banana-baited traps. Traps containing 30-50 g of banana were set in forest and domestic environments. Domestic traps were set in Uehara and Funaura and the forest traps in the vicinity of a river in the forest south of Funaura. On each sampling occasion traps were set approximately at the same locations (Fig. 1) . In December 2007, additional traps were set at Funauki. Survey periods and numbers of traps used on each occasion are given in Table 1 . After 5-7 days the traps were collected, and brought back to the laboratory. When the host individuals in the traps pupated they were collected identified to species according to Okada (1968) and placed in a separate Petri dish containing wet tissue paper. In several cases pupae of closely related species could not be identified based on their morphology (e.g. Drosophila bipectinata Duda -D. ananassae Doleschall and D. albomicans Duda -D. ruberrima de Meijere). Flies and wasps that emerged from the pupae were counted and the species identified. Two wasp species, Leptopilina victoriae Nordlander and L. ryukyuensis Novkovi & Kimura, were difficult to identify based on their morphology and they were identified using molecular data (Novkovi et al., 2011) and a knowledge of their ecology, as these two species emerge from different host species. In the surveys of December 2007 and May 2009, flies emerged before the pupae were collected and therefore fly mortality, and in the case of May 2009 the total number of pupae could not be determined. To determine if there are different host-parasitoid communities in different habitats, supplementary collections were carried out in May and September 2009 using traps baited with cherry and mixed vegetables (mashed onion, potato and spinach). In May 2009 naturally-occurring figs were collected and brought back to the laboratory where the parasitism of the drosophilids breeding in these figs was also determined.
Based on the data from banana traps, the seasonality and habitat differences of the 3 most frequently recorded species of flies were examined using ANOVA and a post hoc Tukey test. Data from September 2009 was excluded from the statistical analyses because the numbers of insects emerging from the different traps were pooled. All analyses were performed in Jmp v6.1 (SAS Institute, Cary, NC, USA).
Host association
Host association was experimentally analyzed using laboratory strains of four common wasps (A. japonica sulfrigaster were chosen as the hosts in order to avoid the effect of adaptation, since they do not naturally occur on Iriomote-jima. The wasp strains were maintained for two or three generations in the laboratory (15L : 9D at 23°C) prior to the experiments. All the wasps used in the experiments were 4-11 days old, mated, allowed to feed on drosophila medium and experienced on patches of D. simulans or D. sulfrigaster larvae.
Host acceptance
To determine if parasitoids accept the larvae of different drosophilids as hosts, 30 to 40 second instar drosophilid larvae were placed in a Petri dish (3 cm in diameter) containing a small amount of Drosophila medium. Five female wasps were introduced into each Petri dish and left to oviposit for 4 h. After the 520 * possible misidentification of host pupae. removal of the wasps, fly larvae were dissected and checked for the presence/absence of wasp eggs. The percentage oviposition was calculated as the number of parasitized larvae per total number of larvae.
Host suitability
Host suitability for the different wasp species was determined as follows. Two-day-old fly larvae were placed in a Petri dish containing a small amount of rearing medium and then exposed to several (2-5) female wasps, whose oviposition behaviour was followed under a stereoscopic microscope. Characteristic oviposition behaviour, such as full extension of the ovipositor after contact with a host (van Lenteren, 1976; van Lenteren et al., 1998) and longer insertions of the ovipositor into larvae (>10 s) (Vet & Bakker, 1985; Visser, 1995; Dubuffet et al., 2006) were taken as indicators of successful oviposition. When oviposition was confirmed, parasitized fly larvae were transferred into vials containing Drosophila medium. The vials were later checked for the emergence of flies and/or wasps. Approximately 30 larvae of each fly species were parasitized. In some cases, few or no parasitized larvae were obtained, due to low host acceptance.
In the field, L. victoriae was observed to parasitize D. bipectinata but we did not have a laboratory strain of this parasitoid species collected from Iriomote-jima. The incidence of parasitism by this parasitoid was determined using L. victoriae strains that originated from Kota-Kinabalu, Malaysia (collected in March 2008 by M. Kondo; 6°N, 116°E) and Bogor, Indonesia (collected in June 2008 by A. Suwito; 6.6°S, 106.8° E) (Fig. 1) . To check for the existence of local differences in host resistance/parasitoid virulence, laboratory strains of D. bipectinata from Kota-Kinabalu (collected in March 2008 by M. Kondo) and Bogor (collected in June 2008 by A. Suwito) were also used. All experiments were carried out at 23°C.
RESULTS
Species composition and abundance
Fifteen drosophilid and 12 parasitoid species were recorded in the field survey (Tables 2 and 3 ). Both host 521 Fig. 2 . Number of pupae collected (dark grey) and number of flies (light grey) and wasps (black) that emerged from the pupae.
and parasitoid species differed greatly in their overall and seasonal abundance. The most abundant drosophilid species breeding in banana baits were D. bipectinata, D. takahashii and D. albomicans (Fig. 2) . D. takahashii was significantly more abundant in winter than summer and autumn (F(3,102) = 4.17, P = 0.008), D. albomicans was significantly more abundant in winter than summer or spring (F(3,102) = 6.24, P < 0.001), while D. bipectinata was significantly more abundant in autumn (F(3,102) = 11.47, P < 0.001) (Fig. 3) Table 4 shows the results of the experiments performed on the strains of L. victoriae from Kota-Kinabalu and Bogor using D. bipectinata from these two localities and Iriomote-jima. D. bipectinata strains from Kota-Kinabalu and Bogor were resistant to both of the strains of L. victoriae tested. However, although resistant to the L. victoriae strain from Bogor, the D. bipectinata strain from Iriomote-jima was highly susceptible to the L. victoriae strain from Kota-Kinabalu, confirming the existence of geographic variation in host resistance and/or parasitoid virulence.
DISCUSSION
Host-parasitoid community recorded on Iriomote-jima
A complex host-parasitoid community consisting of at least 9 frugivorous drosophilid hosts and 12 parasitoid wasp species was recorded on this subtropical island. Drosophila bipectinata, D. albomicans and D. takahashii were the major drosophilids breeding in the banana baits on Iriomote-jima, accounting for more than 97% of all the drosophilids. In the survey conducted on this island by Hirai et al. (2000) in 1994-1995, these three species made up no more than 43% of all the drosophilids that bred in naturally occurring fruit and only 23% of the adult flies collected from banana-baited traps. The dominance of these three species in our survey was due to the fact that our collection consisted only of the species that bred in banana-baits. Other drosophilid species recorded by Hirai et al. (2000) may rarely breed in banana-like succulent fruit. Thus although the results given here are biased, they are standardized and facilitate comparison between seasons, environments and similar bait-based surveys at other locations.
The three drosophilid species most abundant on Iriomote-jima, D. bipectinata, D. albomicans and D. takahashii, seldom occur in central Japan. Likewise, frequent species obtained using banana-baited traps in central Japan, e.g. D. lutescens, D. immigrans, D. simulans and D. auraria, were not recorded in this study (Beppu, 2006; Mitsui & Kimura, 2010) . The distribution of these drosophilids is most likely related to their susceptibility to cold (Kimura, 2004) . Compared to species recorded in central Japan, species occurring on Iriomote-jima have low cold tolerance (Kimura, 2004) , which limits their northernmost distribution. On the other hand, due to trade-offs related to cold tolerance, temperate species are expected to be competitively inferior to subtropical species in warmer areas, which limits their southernmost distributions. Cold tolerant species are reported to have lower walking speeds and slower pupal development compared to their cold-intolerant counter-parts, which might render them more susceptible to predation and parasitism in warmer areas (Shiota & Kimura, 2007) . Additionally, a trade-off was found between heat and cold tolerance in D. melanogaster, but has yet to be confirmed for other drosophilid species (Anderson et al., 2003) .
On Iriomote-jima, D. bipectinata was abundant from summer to early winter, D. albomicans from early summer to early spring (also see Hirai et al., 2000) and D. takahashii from late autumn to early summer. The seasonality of these species can also partly be explained by their thermal tolerance. D. takahashii is the most cold tolerant and increases in numbers from mid-winter, while D. bipectinata is the most heat tolerant and cold intolerant (Kimura, 2004; Novkovi , unpubl. data) and increases in numbers from early summer. Abundance of these drosophilids is probably further influenced by the amount of rainfall and seasonal differences in the availability of fruit, but their effects are unknown.
Twelve parasitoid species belonging to 7 genera and 5 families were recorded from Iriomote-jima, six of them new to this island. Species of the genera Asobara, Leptopilina, Ganaspis and Leptolamina are larval parasitoids, while those of Trichopria and Spalangia are pupal parasitoids (Carton et al., 1986; Mitsui et al., 2007) . To our knowledge, this is the first report of a Tachinaephagus species parasitizing drosophilids. The developmental stage of the host that Tachinaephagus sp. oviposits in is not known. The most frequently collected parasitoid species in the field were A. japonica, A. pleuralis, L. ryukyuensis and L. pacifica. Pupal parasitoids were rarely collected in this survey because most of the drosophilid individuals in the baits were larvae at the time of collection.
In December 2003, a high parasitism of D. bipectinata by L. victoriae was recorded. However, this wasp was not recorded before or after this occasion, despite the abundance of D. bipectinata. Consequently, this wasp species might have been introduced to this island shortly before the samples were collected in December 2003, became abundant by exploiting the low-resistant D. bipectinata host and then possibly became extinct. This hypothesis is supported by the fact that the population of D. bipectinata on Iriomote-jima declines in size in winter and spring (also see Hirai et al., 2000) due to its low cold tolerance. Therefore, it would be difficult for L. victoriae to survive the cold season.
With at least 9 frugivorous drosophilid hosts and 12 parasitoid wasps, the Iriomote-jima host-parasitoid community is more diversified and complex than other Drosophila-parasitoid communities exploiting decaying fruit recorded in temperate areas such as central Japan, southern France and Netherlands (Janssen et al., 1988; Allemand et al., 1999; Mitsui & Kimura, 2010) . While A. japonica and G. xanthopoda are the dominant species on the main islands of Japan (Mitsui et al., 2007; Mitsui & Kimura, 2010) there is a more diversified parasitoid community on Iriomote-jima, including abundant species such as A. pleuralis, L. ryukyuensis and L. pacifica.
Percentage parasitism of some drosophilid hosts reaches 46% in the Tokyo area (Mitsui & Kimura, 2010) . Average percentage parasitism recorded in summer in Europe ranges from 5% to 40% in mid-summer, reaching 80% in some habitats (Fleury et al., 2009 2%) . Such seasonal variations in percentage parasitism are probably related to the seasonal variations in host abundance with the parasitoids increasing in numbers following the increase in the number of their hosts. Seasonality in host abundance in turn, as previously discussed, seems to be related to their cold tolerance. While on Iriomote-jima drosophilids are active throughout the season, in the temperate regions, the activity of most drosophilid flies is more or less limited to the warmer seasons and temperate parasitoids are also mainly active in summer, i.e., the season when drosophilid flies are most active. Parasitoids on Iriomote-jima, however, seem to be active throughout the year.
Host associations
On Iriomote-jima, A. japonica mainly emerged from D. takahashii and occasionally from D. ananassae and D. daruma. In central Japan, this parasitoid parasitizes most of the species of Drosophila it encounters (Ideo et al., 2008; Mitsui et al., 2010) . On Iriomote-jima, however, our results indicate that there are several species that are completely resistant to this wasp (e.g. D. ficusphila and D. bipectinata). The presence of drosophilid species resistant to A. japonica may result from longer evolutionary interactions between A. japonica and potential hosts on subtropical Iriomote-jima than mainland Japan. Based on the fact that the main-island populations are parthenogenetic whereas the Iriomote-jima population reproduces sexually, it is assumed that this species origi-nated in the subtropics and that its recent colonization of temperate regions is associated with the evolution of parthenogenesis (Murata et al., 2009) .
Based on the results of the laboratory experiments, resistance against one parasitoid did not provide resistance against other parasitoid species. For example, D. takahashii was resistant to L. pacifica but susceptible to A. japonica, D. albomicans was resistant to A. japonica but was susceptible to the other three wasp species used in these experiments. In other words, the resistance/virulence mechanisms in these drosophilids and their parasitoids are species-specific, implying that these drosophilids and parasitoids have been subjected to complex coevolutionary interactions. Furthermore, most parasitoid species included at least one of the three major Drosophila species in their host range, implying that the abundance of potential hosts is one of the factors important in the evolution of parasitoid host use.
A disparity between host acceptance and host suitability was observed. Wasps oviposited in drosophilids in which they were unable to develop (e.g. A. japonica in D. ficusphila and D. bipectinata, L. ryukyuensis in D. bipectinata) . While the evolution of a preference to oviposit in suitable hosts increases their parasitic efficiency, a preference for ovipositing in a wide range of hosts could facilitate switching from one host to another -when the preferred host becomes scarce or develops a high resistance towards the parasitoid.
The experiments with L. victoriae and D. bipectinata from Kota Kinabalu, Bogor and Iriomote-jima revealed a geographic variation in host resistance and/or parasitoid virulence. D. bipectinata from Kota Kinabalu and Bogor were resistant to the two strains of L. victoriae. D. bipectinata from Iriomote-jima, however, was resistant to L. victoriae from Bogor, but not from Kota Kinabalu. Thus, both L. victoriae and D. bipectinata showed intra-specific geographic variation, probably as a result of local-specific interactions.
In this survey, we explored the diversity, abundance and host association of frugivorous drosophilids and their parasitoids breeding in banana baited traps on Iriomotejima. We also recorded the seasonal and habitat differences of the different species. Most parasitoids exhibited species-specific interactions with more than one host species, suggesting complex coevolutionary interactions. To broaden our understanding of the host-parasitoid community on this island, it would be beneficial to study other breeding substrates such as fungi and decaying plant material. Furthermore, the influence of rainfall and availability of natural fruit on host-parasitoid community dynamics is a subject yet to be explored. Finally, it would be interesting to broaden the survey to other subtropical/tropical areas, in order to gain a more comprehensive knowledge of the structure and complexity of interactions in tropical host-parasitoid communities.
